Vascular endothelial growth factor-mediated signaling has at least two potential roles in diffuse large B cell lymphoma: potentiation of angiogenesis, and potentiation of lymphoma cell proliferation and/or survival induced by autocrine vascular endothelial growth factor receptor-mediated signaling. We have recently shown that diffuse large B cell lymphomas expressing high levels of vascular endothelial growth factor protein also express high levels of vascular endothelial growth factor receptor-1 and vascular endothelial growth factor receptor-2. We have now assessed a larger multi-institutional cohort of patients with de novo diffuse large B cell lymphoma treated with anthracycline-based therapy to address whether tumor vascularity, or expression of vascular endothelial growth factor protein and its receptors, contribute to patient outcomes. Our results show that increased tumor vascularity is associated with poor overall survival (P ¼ 0.047), and is independent of the international prognostic index. High expression of vascular endothelial growth factor receptor-1 by lymphoma cells by contrast is associated with improved overall survival (P ¼ 0.044). The combination of high vascular endothelial growth factor and vascular endothelial growth factor receptor-1 protein expression by lymphoma cells identifies a subgroup of patients with improved overall (P ¼ 0.003) and progression-free (P ¼ 0.026) survival; these findings are also independent of the international prognostic index. The prognostic significance of overexpression of this ligand-receptor pair suggests that autocrine signaling via vascular endothelial growth factor receptor-1 may represent a survival or proliferation pathway in diffuse large B cell lymphoma. Dependence on autocrine vascular endothelial growth factor receptor-1-mediated signaling may render a subset of diffuse large B-cell lymphomas susceptible to anthracycline-based therapy.
Vascular endothelial growth factor (VEGF)-mediated angiogenesis has received considerable attention in the context of solid neoplasia, particularly with the clinical use of anti-VEGF antibodies and small molecule VEGF receptor (VEGFR) inhibitors. More recently the concept of tumor vascularity has been applied to hematolymphoid neoplasia, with studies quantitating microvessel density in a variety of lymphomas. 1 In addition to its role in tumor angiogenesis, however, VEGF has an additional potential role in the context of hematolymphoid malignancies: that of an autocrine growth factor, acting on lymphoma cells directly through VEGF receptors. 2 Indeed, a murine model of human aggressive B cell non-Hodgkin lymphoma xenografts has shown roles for both autocrine VEGFR-1-mediated signaling and for VEGF-mediated angiogenesis in lymphoma. 3 We recently characterized the immunohistologic expression of VEGF and its receptors VEGFR-1 and VEGFR-2 and quantitated the microvessel density of over 90 diffuse large B-cell lymphomas. 4 We found that those lymphomas that express high levels of VEGF protein also express high levels of its receptors VEGFR-1 and VEGFR-2, providing the setting for autocrine signaling via one or both receptors.
In the past decade, numerous factors predictive of outcome in diffuse large B-cell lymphoma have been published and have ranged from single gene products to gene expression signatures encompassing multiple co-ordinately regulated genes; as yet none have been sufficiently validated to come into routine clinical use. 5 Given the rapidly increasing availability of a variety of pharmaceuticals aimed at the VEGF pathway, the role of angiogenesis and VEGF signaling in diffuse large B-cell lymphoma is of significant interest. In the current study, we addressed whether VEGF-mediated autocrine signaling and/or tumor vascularity is pertinent to patient outcome in a cohort of 182 patients presenting with de novo diffuse large B-cell lymphoma treated with anthracycline-based therapy.
MATERIALS AND METHODS Patient Selection
Pre-treatment biopsies of 182 patients with de novo diffuse large B-cell lymphoma (DLBCL) treated with an anthracycline-containing chemotherapy (cyclophosphamide, vincristine, doxorubicin, and prednisone (CHOP) or CHOP-like regimens) with clinical follow-up data were used. The biopsy specimens and clinical follow-up data originated from four institutions: Nebraska Medical Center, Cleveland Clinic Foundation, University of Miami, and Chaim-Sheba Medical Center, Israel. Specimens were chosen for this study based on the following criteria: (1) diagnosis of de novo DLBCL; (2) availability of tissue obtained at diagnosis before the initiation of therapy; (3) treatment with an anthracycline-containing chemotherapy (cyclophosphamide, vincristine, adriamycin, and prednisone (CHOP) or CHOP-like regimens); and (4) availability of follow-up and outcome data at the treating institution. All patients were treated with curative intent. Patients who received rituximab together with their chemotherapy or who underwent therapy intensification with stem cell transplantation despite clinical response to initial anthracycline-based regimens were excluded from this study. Institutional Review Board approval was obtained from all participating institutions. In all patients chosen for this study, information was available about staging of the disease by physical examination, bone marrow biopsy, and computed tomography of the chest, abdomen, and pelvis. Patients were staged according to the Ann Arbor system. The following clinical and laboratory data at the time of diagnosis was available: age, gender, performance status, stage, number of extranodal sites involved, levels of serum lactate dehydrogenase and the presence or absence of systemic or 'B' symptoms. Based on this information, international prognostic index (IPI) scores could be determined on 174 of the patients. Patients were categorized into either a low-risk group (IPI score 0-2) or a high-risk group (IPI score of 3-5).
None of the patients had a known history of HIV infection or other forms of immunosuppression. Follow-up information was obtained from the patients' medical records and included response to initial therapy based on the Cheson criteria, 6 progression-free survival and overall survival. Histologic sections were reviewed to confirm the diagnoses. All cases showed a diffuse large cell infiltrate without any evidence of follicles or other low-grade component and were compatible with the histologic features of DLBCL according to the World Health Organization classification of hematopoietic tumors. 7 
Tissue Microarrays
Standardized methods for tissue fixation (10% buffered formalin) and processing for paraffin-embedded sections were used at all participating centers. Tissue microarrays of formalin-fixed, paraffin-embedded tissue samples of DLBCL were obtained from Cleveland Clinic Foundation, and the University of Nebraska Medical Center. A TMA of cases from the University of Miami and Chaim-Sheba Medical Center was constructed using a tissue arrayer (Beecher Instruments, Silver Spring, MD, USA), as described previously. 8 Tissue cores were selected for tissue microarray by characteristic morphology based on examination of hematoxylin and eosin-stained sections, without prior knowledge of immunohistologic stains of individual cases. Two to four representative cores of each case were included to maximize informative cores. Sections of 4-5 m thickness were cut from the tissue microarrays and placed on glass slides, which were then baked for 1 h at 601C.
Immunohistochemistry and Microvessel Density Counting
Immunohistochemistry for CD34, VEGFR-1, VEGFR-2, and VEGF was performed as described previously. 4 For each immunostain 84-88% of cases were informative, with an average of three cores evaluated per informative case. Stains for VEGFR-1, VEGFR-2, and VEGF were scored as follows: 430% of lymphoma cells staining, score ¼ 2; 5-30% of lymphoma cells staining, or weak diffuse staining, score ¼ 1; and o5% of lymphoma cells staining, score ¼ 0. The highest score obtained from the informative cores was reported. Scores of 2 are denoted as 'high', and scores of 0 or 1 as 'low.' For the combined variable VEGF þ R1, the scores for VEGF and VEGFR-1 were added together; combined scores of 3-4 are denoted as 'high', and scores of 0-2 as 'low' . Microvessel density was quantitated as the number of CD34 þ microvessels (defined as any distinct CD34 þ cell or cell cluster), 9 per high power field at Â 300 ( Â 20 lens, Â 15 ocular, field of view 0.7 mm) using an Olympus BX45 microscope, with the average score reported. Microvessel density counts denoted 'high' are above the median score of 22.9, and those denoted 'low' are below the median score. Scoring was performed in a blinded manner by DG and checked by YN. Discrepancies (5-10%) were resolved over a multi-headed microscope. Images of immunohistologic staining were acquired using a Nikon Eclipse E400 microscope (Nikon, Tokyo, Japan) and Nikon digital camera (DS-L1; Nikon, Tokyo, Japan), using a Â 40/0.75 NA Plan Fluor objective lens. Digitized images were processed using Adobe Photoshop 7 image processing and manipulation software (Adobe Systems, San Jose, CA, USA).
Statistical Analysis
Survival curves were estimated using the product-limit method of Kaplan-Meier and were compared using the logrank test. Multivariate analysis was performed according to the Cox proportional hazards regression model. The w 2 test for independence was used to assess for correlations between categorical variables.
RESULTS

Patient Characteristics
The patient characteristics, including prognostically relevant clinical data and IPI, are presented in Table 1 both for the patient group overall and for the patient subgroups scored as low or high for each variable examined. No statistically significant difference in any patient or disease characteristic was present with respect to microvessel density, VEGF, VEGFR-1 or VEGFR-2 status.
Microvessel Density
In this cohort of patients with de novo DLBCL, microvessel density varies widely (median 22.9, range, 2-85.5, Figure 1a -c). Increasing microvessel density is a weak, but statistically significant (P ¼ 0.047) predictor of poorer overall survival (Table 2 ) and is independent of IPI (P ¼ 0.045, Table 3 ). Interestingly microvessel density only reaches statistical significance as a predictor of poor overall survival when examined as a linear variable over the whole range of microvessel densities; statistical analysis does not reveal any specific meaningful cutoff. When an arbitrary split is introduced at the median to yield low vs high microvessel density groups, a trend toward poor overall survival remains but does not reach statistical significance (P ¼ 0.065, Figure  1d ). This reflects the fact that while median overall survival differs by over 50% between the arbitrarily divided low and high microvessel density groups, the 95% confidence limits overlap broadly (see Table 2 ). A non-significant (P ¼ 0.17) trend is also present toward poor progression-free survival with increasing microvessel density. The predictive power of microvessel density for overall survival remains statistically significant when VEGF, VEGFR-1, and VEGFR-2 expression by lymphoma cells is taken into account (P ¼ 0.036 for backward stepwise analysis). We found no correlation between increasing microvessel density and lymphoma cell VEGF expression in this patient cohort.
VEGF, VEGFR-1, and VEGFR-2
High VEGFR-1 expression by lymphoma cells is predictive of improved overall survival (P ¼ 0.044); however it does not reach statistical significance as a predictor of overall survival in multivariate analysis as compared with the IPI (P ¼ 0.064). Patients with high lymphoma cell VEGFR-1 expression also show a trend (P ¼ 0.054) toward improved progression-free Figure 2 ). A weaker trend is present for improved overall survival with high lymphoma cell VEGF expression (P ¼ 0.089) and, to a lesser extent, with high lymphoma cell VEGFR-2 expression (Table 4 ). In the case of both VEGFR-1 and VEGF, the median overall survival in the high expression group is about twice that in the low expression group (86 vs 39 months for VEGFR-1 and 80 vs 41 months for VEGF, respectively). It is worth emphasizing that in all cases, strong expression of VEGF or its receptors by lymphoma cells is associated with improved overall survival, or with a trend toward improved overall survival. Linear P-value is calculated across the whole range of microvessel densities; categorical P-value compares low vs high microvessel density groups. Italicized P-values are statistically significant (Po0.05). Table 3 Microvessel density is independent of IPI and VEGF, VEGFR-1 and VEGFR-2 as a predictor of poorer overall survival on multivariate analysis IPI VEGF, VEGFR-1, VEGFR-2 (backward stepwise analysis)
Z-score P-value Z-score P-value 2.00 0.045 2.10 0.036
Italicized P-values are statistically significant (Po0.05).
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VEGF and VEGFR-1 in Combination
In our previous work 4 we noted a strong statistically significant association among the expression of VEGF, VEGFR-1, and VEGFR-2 by lymphoma cells. In the current cohort of cases we again note a high degree of concordance among lymphoma specimens that show high expression levels of VEGF, VEGFR-1, and VEGFR-2 ( Figure 3 , Table 5 ). This together with the concordant trend towards improved survival with higher expression of VEGF, VEGFR-1, and VEGFR-2 by lymphoma cells, suggested to us a possible interaction between VEGF and one or more of its receptors in predicting survival. Since VEGFR-1 and VEGF were the strongest predictors of survival, we assessed whether patients whose lymphoma specimens show concomitant high expression of both VEGF and VEGFR-1 represent a particularly prognostically favorable group (Table 6) .
The new variable, denoted 'VEGF þ R1,' represents the sum of the values assigned for VEGF and VEGFR-1 staining (weighted equally), where 0 is no staining, 1 is partial (o30%), and 2 is positive staining (430%). VEGF þ R1 is predictive of both overall (P ¼ 0.003) and progression-free survival (P ¼ 0.026) when calculated across the range of values of VEGF þ R1 (0-4). Moreover VEGF þ R1 remains an independent predictor of both overall survival (P ¼ 0.0055) and progression-free survival (P ¼ 0.021) in multivariate analysis that includes the IPI (Table 7) . When VEGF þ R1 scores are evaluated only as low (0-2) vs high (3-4) and not across the whole range of values (0-4), patients with a high VEGF þ R1 score (100 patients) show improved overall (P ¼ 0.002) and a trend toward improved progression-free (P ¼ 0.058) survival compared with patients with a low VEGF þ R1 score (75 patients) (Figure 4) . Addition of VEGFR-2 to the model (summing up the scores for VEGF, VEGFR-1, and VEGFR-2) does not add any further predictive value (data not shown).
DISCUSSION
Colorectal carcinoma serves as the prototypical example of a solid tumor where high microvessel density portends poor outcome, providing the rationale for successful use of anti-VEGF therapy in metastatic colorectal carcinoma. 10 In the setting of hematolymphoid neoplasia high microvessel VEGF and vascularity in DLBCL prognosis D Gratzinger et al density predicts progression 11 and poorer overall survival in multiple myeloma 12 but is a favorable prognostic factor in follicular lymphoma. 13 A single study addressing the relationship of vascularity to chemosensitivity in DLBCL 14 found no correlation with microvessel density, but was limited by small sample size (36 patients) and potentially by the use of factor VIII and CD31, instead of the more sensitive tumor vessel marker CD34, to assess microvessel density. 15 In the current study, we found that increasing microvessel density is a poor prognostic indicator for overall but not progression-free survival, and is independent of the IPI. Microvessel density is statistically significant only when computed as a continuous variable over the whole range of vascularity. A specific cut-point that would risk-stratify patient populations with statistical significance is lacking. Although increased vascularity may be associated with clinical aggressiveness in DLBCL, this association could also which identify a patient population at risk for poor outcome.
In fact, in a small (13 patient) safety study of the anti-VEGF antibody bevacizumab in addition to anthracycline-based chemotherapy and rituximab, there was no correlation between baseline microvessel density and outcome. 18 In a previous study assessing the relationships among microvessel density and expression of VEGF and its receptors in DLBCL 4 we found a strong positive association among the expression of VEGF and its receptors VEGFR-1 and VEGFR-2 (indicating a possible autocrine signaling role for VEGF in lymphomagenesis) as well as a positive association between microvessel density and local expression of VEGF by lymphoma cells (suggesting a possible paracrine signaling role for VEGF in local angiogenesis). While the strong positive association among expression of VEGF and its receptors was confirmed, we found no correlation between VEGF expression and local vascularity in the current study. This discrepancy may be due to the influence of local and systemic angiogenic factors: the presence of alternate, locally produced angiogenic growth factors such as basic fibroblast growth factor could potentially influence local angiogenesis; the expression patterns of VEGF and its receptors may effect the availability of VEGF to the local vasculature; and circulating angiogenic factor levels may overwhelm local paracrine angiogenic VEGF function. In comparison to our prior study, fewer lymphomas in the current study were found to express high VEGF levels (42 vs 60%, Po0.01, w 13.7) and a larger number were found to express high VEGFR-1 (43 vs 30%, Po0.05, w 10.0) and high VEGFR-2 (60 vs 44%, Po0.02, w 12.0). Transgenic mouse models have shown that during vasculogenesis VEGFR-1 acts by depleting the locally produced VEGF that is available to adjacent nascent vasculature. 19 This depletion of VEGF is likely to be enhanced in lymphomas with higher VEGF receptor as compared to VEGF expression, complicating the relationship between VEGF expression by the lymphoma and microvessel density.
In univariate analysis we found that high expression of VEGFR-1 by lymphoma cells is predictive of improved overall survival, an effect that is independent of IPI. In a human DLBCL xenograft model in mice, 3 blockade of human VEGFR-1 (but not VEGFR-2) slowed tumor growth, suggesting an autocrine role for VEGFR-1 in lymphomagenesis. If indeed VEGFR-1 plays such a role in the clinical course of human DLBCL, one would expect tumors with high VEGFR-1 expression to also express high levels of its ligand VEGF. Indeed, the correlation between expression of VEGF and VEGFR-1 (and VEGFR-2) by lymphoma cells was highly statistically significant both in our previous study 4 and in the current study. Furthermore, if VEGF and VEGFR-1 are involved in an autocrine signaling pathway, one would expect that high VEGF expression would have the same relationship to prognosis as high VEGFR-1 expression. Indeed, while only VEGFR-1 reaches statistical significance as a prognostic marker for overall survival in our cohort of cases, there remains a trend for high expression levels of both VEGF and VEGFR-1 to be associated with improved overall survival.
It is important to distinguish between VEGF expression by the lymphoma as assessed by immunohistochemistry, and circulating levels of VEGF measured in serum samples. Patients with poor prognosis DLBCLs have high serum levels of VEGF 16 as well as a variety of other growth factors 16, 20 and inflammatory cytokines. 17, 21 Expression of VEGF and its receptor VEGFR-1, by contrast, is associated with good prognosis in this analysis. The relationship, if any, between serum levels of VEGF and local expression of VEGF by the lymphoma is unknown.
We have noted that VEGF and its receptors are expressed at high levels in a subset of DLBCL, and that the combination Figure 4 The combination of high VEGF and high VEGFR-1 correlates with improved overall and progression-free survival. VEGF þ R1 is the combined score of the individual scores for VEGF and VEGFR-1, which are weighted equally. (a) Kaplan-Meier analysis shows improved overall with increasing VEGF þ R1 score (P ¼ 0.003). (b) While Kaplan-Meier analysis also shows increased progression-free survival with increasing VEGF þ R1 score (P ¼ 0.026).
VEGF and vascularity in DLBCL prognosis D Gratzinger et al of high VEGF and high VEGFR-1 expression by lymphoma cells (denoted VEGF þ R1) is predictive of both overall and progression-free survival independent of the IPI. Incorporating VEGFR-2 status does not improve prognostic value with regard to survival. This raises the question of autocrine signaling via a self-contained VEGF-VEGFR-1 pathway in a subset of DLBCLs (Figure 5a ). The plausibility of this model is bolstered by the previously mentioned study of human DLBCL xenografts in mice, which supports an autocrine role for VEGFR-1 but not VEGFR-2 in lymphomagenesis. 3 Despite their similar general structures and overlapping distributions and functions, signaling via the VEGFR-1 and VEGFR-2 receptor tyrosine kinases is quite distinct, involving different intracytoplasmic signaling pathways. 22, 23 In hematopoietic stem cells VEGF signaling via a 'private' autocrine loop not accessible to extracellular manipulation has been suggested. 24 In particular, survival and proliferation were inhibited by intracellularly acting small molecule inhibitors of VEGF signaling but not to extracellular depletion of VEGF by recombinant soluble VEGFR-1-immunoglobulin-G chimeric protein. This may have implications for any similar autocrine loop present in DLBCL, which may potentially be more susceptible to inhibition by small molecule tyrosine kinase inhibitors than larger recombinant proteins aimed at depleting VEGF (Figure 5b) .
We have suggested that a VEGF-VEGFR-1 autocrine loop may be active in a subset of DLBCLs. Why then would a patient group with high expression of both the ligand and its receptor show better overall and progression-free survival? One hypothesis is that those lymphomas which are dependent on this autocrine loop for proliferation and/or survival are more susceptible to standard anthracycline-based chemotherapy, perhaps through effects directly on VEGF and/or VEGFR-1 or on downstream signaling pathways. As lymphoma is not generally sampled post-treatment except in the case of treatment failure, there is no published data on the effect of standard chemotherapeutic regimens on VEGF and VEGFR-1 expression in lymphoma. Serum VEGF levels are at best an imperfect marker for VEGF levels within the lymphoma itself but are readily obtained; in a study of 64 patients with aggressive non-Hodgkin's lymphoma (61% DLBCL), early response over the first 3 weeks of treatment correlated with drops in serum VEGF (and IL-6). 25 Although no data exist on the effect of CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone) on VEGF or its receptors in DLBCL, evidence for downregulation of VEGF mRNA expression by these agents exists in several other model systems. [26] [27] [28] [29] [30] [31] A model of the potential impact of anthracycline (doxorubicin) administration is presented in Figure 5c . In a DLBCL dependent on autocrine VEGF-mediated signaling for proliferation and/or survival, chemotherapy-mediated abrogation of local VEGF mRNA expression might slow growth or even predispose to apoptosis.
The usual rationale of anti-VEGF therapy is to decrease angiogenesis and 'normalize' immature leaky tumor vasculature, although a role for disruption of autocrine VEGF receptor-mediated signaling has also been postulated. 2, 32 Our data shows that expression of VEGF together with VEGFR-1 is prognostically important, supporting a role for autocrine VEGFR-1-mediated signaling in the clinical course of DLBCL. Although further validation in an independent, preferably prospective study is necessary to verify the prognostic significance of expression of VEGFR-1 in combination with VEGF, the fact that two independent studies confirm the strong association between expression of VEGF and VEGFR-1 in DLBCL suggests that the biology is real.
Inhibitors directed at both VEGF and its receptors, including antibodies, recombinant proteins and orally active small molecules, are in various stages of testing in both solid tumors and hematopoietic malignancies. The serious vascular side effects of VEGF-directed therapy 33 (stroke, myocardial infarction) is of particular concern in the substantial proportion of DLBCL patients over the age of 65 and the relative side effect profiles of the numerous VEGF receptor inhibitors will be an important consideration in clinical practice. As clinical testing of VEGF-directed therapy in DLBCL continues, the efficacy of the various available inhibitors in disrupting autocrine VEGFR-1-mediated signaling should be considered and the relationship of VEGF and VEGFR-1 expression at baseline to therapy response should be explored. It will also be interesting to see whether the prognostic impact of VEGF and VEGFR-1 expression remains relevant in patients treated with rituximab in addition to anthracycline-based chemotherapy. However, regardless of the outcome of such a study, the results presented here remain relevant given their implications for another therapeutic target currently moving into clinical practice, namely VEGF and VEGF-receptor signaling.
